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Supplementary Figure 1: Numerical validation of the scattering model. Variation of particle radius. (a)-(d) An IR-
resonant Au nanorod of length, L = 3.19 um, couples to a small particle with a vibrational resonance at 1,258 cm™.
This is the same calculation as in Fig. 1(b) in the main text, but here the particle radius is varied to a = 1 nm, 3 nm,
10 nm, 30 nm is assumed. First column: Modeled (Egs. (11),(12) in the main text) and numerically calculated
extinction and scattering cross section, 0®** and 6. Second and third columns: Spectral signature of the molecular
vibration in the extinction and scattering cross section as obtained with the scattering model, o5 and a3 (Eq. (13)

in the main text), compared to numerical calculations, Ag®*t

maximum relative error between calculation and the scattering model. Note larger error observed with small particle

diameter a = 1 nm is attributed to numerical error.
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Supplementary Figure 2: Numerical validation of the scattering model. Variation of antenna length. (a)-(e) An IR-
resonant metal couples to a small particle with a vibrational resonance at 1,258 cm™. This is the same calculation as
in Fig. 1(b) in the main text, but here a particle radius of 10 nm is assumed and the nanorod length is varied to L =
2.5 um, 2.8 pm, 3.19 pm, 3.5 pm, 3.8 pm. First column: Modeled (Egs. (11),(12) in the main text) and numerically

calculated extinction and scattering cross section, o Xt

and g%, Arg(f) specifies the phase (in radians) of the field
enhancement f provided by the antenna, evaluated at the vibrational resonance at 1,258 cm%, which controls the
observed line shapes. Second and third columns: Spectral signature of the molecular vibration in extinction and
scattering cross section as obtained with the scattering model, o8& and 0352 (Eq. (13) in the main text), compared
to numerical calculations, Ac®*t and AgS@. The number given in the plots is the maximum relative error between

calculation and the scattering model.
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Supplementary Figure 3: Numerical validation of the scattering model. Variation of oscillator strength. (a-e) An IR-
resonant metal antenna couples to a small particle. This is the same calculation as in Fig. 1(b) in the main text, but
here a particle radius of 10 nm is assumed and further the particle vibrational resonance is modeled with the
following oscillator strengths: &} orentz = 0.015, 0.05, 0.1, 0.2, 0.5 and w;grentz = 1,258, 1,254, 1,244, 1,227 and
1,170 cm™2. First column: Object permittivity, £o(w). Second column: Modeled (Egs. (11),(12) in the main text) and

ext

numerically calculated extinction and scattering cross section, ¢®** and ¢°. Third and fourth columns: Spectral

signature of the molecular vibration in extinction and scattering cross section as obtained with the scattering model,
o&X and oo (Eq. (13) in the main text), compared to numerical calculations, Ac®** and Ag®@. The number given in

the plots is the maximum relative error.



Nanoparticle radius a 1 nm 3 nm 10 nm 30 nm
=2 053 [m?] 2.3-10731 1.69-10728 | 232-10725 | 1.69-107%2
o .=
g t
«» 3 03P [m?] 2.2-10721 6.00-10720 | 2.22-107*® | 6.00-10717
o3 If |*a8 [m?] 1.7-10724 1.05-1072* | 7.58-107%° | 1.25-1071°
2t
- |f 2680 [m?] 6.1-10718 1.49-107'¢ | 4.01-107'° | 515-1071*
§ FDTD Ac®*t [m?] ~5.8-1071® | —1.50-10716 | —4.12-10715 | —5.28- 10714

(&}

c

= Model a€X* [m?] —5.9-107'® | —1.49-107% | —3.99-1071% | —5.12- 10712
%" FDTD Ac®® [m?] —86-10718 | —2.26-1071 | —6.16-1071% | —7.89- 10714
(]

3 Model o3 [m?] -9.2-1071® | —229.10715 | —6.15-1071° | —7.91-10712
o Fext 2.9-10"3 1.04 - 1012 2.04 - 101 3.61-108
< 3

2 Fsca 4.5-10'3 1.60 - 1012 3.13 - 101 5.54 - 108

Supplementary Table 1: Comparison between molecular scattering and molecular absorption. Small particle
scattering and absorption cross sections of a spherical nanoparticle with a vibrational resonance as obtained

. . k* . . .
analytically with g% = §|a0|2 and 03" = kIm{a,}, respectively, where k is the magnitude of the free-space

wavevector and ag is the object polarizability. Field-enhanced scattering and absorption cross sections of the small

4
particle, |f|*a5® = :—ﬂ If|*laol? and | f1203PS = k|f|?Im aq. Extinction & Scattering: Numerically calculated (FDTD)

spectral signature of the molecular vibration, Ac = ¢ — 0pig, and modeled spectral signature, oS and o33

vib (EQ.
(13) in the main text), in the SEIRA extinction and scattering cross section. Enhancement factors: Combined
enhancement provided by interferometric and field enhancement of molecular scattering in SEIRA extinction and
scattering, F®*t and F5 (Egs. (15),(16) in the main text). All data are evaluated at the vibrational resonance at 1,258

cm™. The corresponding spectra are shown in Supplementary Fig. 1.



Supplementary Note 1 — Numerical Calculations describing the Near-Field Experiment

We provide details on the numerical calculations presented in Figs. 3, 5 in the main text. We considered
rectangular shaped Au nanorods (the antenna) of dimension L x 250 nm x 60 nm, where length L is variable
as stated in Fig. 3(b) in the main text, while width and height were common for all antennas and were
determined from the AFM topography data of the nanorods used in the experiment. The nanorod length
L was adjusted to fit the experimental spectral in Fig. 3(a) in the main text. The nanorod is supported on
a CaF; substrate. In the experiment, the AFM tip was a pyramidically-shaped metallic structure with a
nominal height in the range of 10 to 15 um. The AFM tip was covered by a thin PDMS layer, a well known
contamination of commercial AFM tips>®. In the calculation, we approximated the AFM tip by a core-shell
nanoparticle, where the radius of the Au core was assumed to be equal to the radius of the tip apex of
the AFM tip, that is 50 nm. We additionally assumed a thin PDMS shell to mimic the PDMS contamination
of the experimental AFM tip. To match the magnitude of the spectral signature observed in the
experiment, the thickness of the PDMS shell was chosen to be 10 nm and further the tapping amplitude
was adjusted to 80 nm. We used tabulated values for the permittivity of Au!, PDMS’ and CaF;%. In Fig. 5 in
the main text, we followed the same approach for the gap antenna by considering two rectangular shaped
Au nanorods (the antenna) of dimension L x 250 nm x 60 nm and separated by a 100 nm gap with the AFM

tip being placed in the gap.
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Supplementary Figure 4: Numerical calculation of the near-field experiment. (a) Numerical model which describes
the near-field interaction between the antenna (A) and core-shell nanoparticle (O) using the Finite-Difference
Time-Domain (FDTD) method, but also takes into account the optical apparatus to accurately describe the light
collection. (b) lllustration of the processing chain where the images obtained from the FDTD simulations, Ejy(x’, ¥"),
are used to produce a numerically calculated near-field signal, §, = snei‘pn, including the aspect of demodulation.
(c-e) Illustration of the calculated fields before demodulation is applied. (c) Calculated reflected signal, ES?, for the
2.5 um long nanorod in Fig. 3 in the main text for a few selected values for the antenna-nanoparticle distance, d.
(d) Differential spectra, ES“® — E,, as obtained from (c). (e) Normalized differential spectra as obtained from (d).



The scattered signal of the antenna-nanoparticle system was calculated as follows (solid lines in Fig. 3(b,g)
in the main text). We based the numerical calculations on the algorithm described by Capoglu et al. & for
implementing a virtual imaging system on a computer and adapted it to describe the specifics of our near-
field experiment in Fig. 3 in the main text. In detail, nanorod (antenna) and core-shell nanoparticle (object)
were illuminated with a focused Gaussian beam as injected with source S inside the FDTD box
(Supplementary Fig. 4(a)). The optical response of this system was obtained by rigorously solving
Maxwell’s equation using the FDTD method. The near-field of the antenna-nanoparticle system,
Enrp(x, y), was recorded with monitor M inside the FDTD box and then subsequently propagated to the
far field using a near-field-to-far-field transform to obtain the scattered field from the antenna-
nanoparticle system, Epp(sy, 5,). Scattering outside the objective NA was truncated and the remaining
field was refocused onto the image (detector) plane, yielding electric field Ej(x’, y"). For simplicity, a
magnification of M = 1 was assumed.

Supplementary Figure 4(b) illustrates the data processing flow. To simulate the signal demodulation used
in s-SNOM, a series of simulations was run where the antenna-nanoparticle distance, d, was varied linearly
in steps of 5 nm, yielding a total of 35 electric field maps Epy(x’,y'), one for each position of the
nanoparticle. Note that a fixed mesh refinement covering the nanorod (antenna) and the core-shell
nanoparticle (object) of 5 nm was assumed for all positions of the core-shell nanoparticle (to avoid any
residual effects caused by different mesh configurations in the demodulation process) and further a
minimum distance of 2 mesh cells between nanorod and core-shell nanoparticle was assumed (to avoid
erroneous results when the core-shell nanoparticle and nanorod are in contact). These field maps, Eyy,
9

were then processed following the procedure from ref. First, interferometric detection was

implemented by calculating the field of the reference beam at the image plane, Elrﬁlf, as obtained by
reflecting the focused beam in the simulation at a metal interface. Phase-shifting interferometry was
applied to resolve the collected scattered signal, ES@, in amplitude and phase. Supplementary Fig. 4(c)
exemplarily shows the collected scattered signal, ES®?, for a few selected positions of the core-shell
nanoparticle. The antenna resonance is clearly visible but appears as a negative peak owing to
interference with the reflected light off the substrate surface. For clarity, we remove the reflection off the
substrate surface and the static antenna scattering signal, E,, by running a simulation where the
nanoparticle is removed. Supplementary Fig. 4(d) shows the resulting differential spectra, AES®@ = ES¢@ —
E,, revealing the spectral signature of PDMS. Supplementary Fig. 4(e) shows the normalized differential
spectra, AES®@, showing that the spectral shape of AES® is nearly constant as the nanoparticle
approaches the antenna, confirming that modulation of the nanoparticle-antenna distance, d, only enters
as a modulation of the field enhancement, f = f(d), but does not affect the spectral shape of the
nanoparticle-antenna coupling, Exga, as expected'®. We then constructed the sinusoidal motion of the
AFM tip in the experiment, d = d, + Ad cos Qt (where Ad is the modulation amplitude and d, the
average tip height), by interpolating the scattered signal, ES“?(d), at a total of 100 positionsin d. A tapping
amplitude of 80 nm was assumed. The so-obtained complex-valued scattered signal, ES¢?(d), was
demodulated at the 3™ harmonic, 3Q, to yield the calculated near-field signal, E?%. Signal normalization
was performed as it was done in the experiment by normalizing the demodulated spectra, E3*%, to the



reference signal, E®f, yielding the normalized demodulated scattering signal §; = s;e®s = E13W /ETef,
The corresponding normalized amplitude and phase spectra, sz (w) and @3 (w), are shown as solid curves
in Fig. 3(b) in the main text.

For comparison with the calculations assuming a core-shell nanoparticle with an absorbing shell (PDMS),
we repeated above calculation with a non-absorbing shell, where we assumed a background permittivity
of &pkg = 1.8 to match the non-resonant permittivity component of the Si-CH; vibrational resonance of

Ly . ~bkg __ bkg i ¥8(w) -
PDMS, yielding the demodulated scattered field, ;" °(w) = s;3 ~(w)e'?s (shaded curves in Fig. 3(b)
in the main text). With the help of these spectra, isolation of the spectral signature of the molecular
vibration of the numerically calculated data could be done straightforwardly by taking the following

difference: As;(w) = s3(w) — s;)kg(a)) (isolating the spectral signature in amplitude) and Ag;(w) =
(p3(a))—<p§kg(a)) (isolating the spectral signature in phase). To perform this isolation with the

experimental data, we used the calculated spectra, s;)kg(a))ei‘pgkg(“’), as a substitute for experimental
spectra of an AFM tip covered by a non-absorbing dielectric film (which would be difficult to prepare
experimentally because of the difficulty to match precisely the thickness and non-resonant permittivity
component of PDMS). To this end, we scaled the calculated spectra as follows. The calculated spectra
assuming an absorbing PDMS shell, s3(a))ei“’3(“’) (red line in Supplementary Fig. 5), were scaled to the
maximum of the experimental spectra (black line). Using the same scaling factor, we then plotted the

. bkg
calculated spectra assuming a non-absorbing dielectric shell, s:kg(w)e‘% (@) (dotted grey line in
Supplementary Fig. 5 and shaded area in Fig. 3(a) in the main text). After this scaling, we could isolate the
spectral signature of the molecular vibrations in the experimental data by straightforwardly calculate the

differences, As;(w) = s3(w) — s?kg(w) and Aps(w) = p3(w) — (pgkg(w).

To evaluate the field-enhanced molecular scattering, Eyga, from the scattering model (Egs. 18, 19 in the
main text) (plotted as dashed lines in Fig. 3(b,g) in the main text), we calculated the field enhancement,
f = f,, forthe unloaded nanorod antenna at the lowest position of the particle, d, where we only consider
the z-component as it is the dominant component over the x- and y-components above the metal
nanorod. Further, we evaluated the polarizability of the nanoparticle, ag, by using the analytical model
for a core-shell nanoparticle in the quasistatic limit*:
3 R3(g; — D(e1 + 262) + R (g1 — &) (1 + 2¢3)
ag = 4nR; 3 3 ,
R; (&2 +2)(&1 + 2&3) + 2Ri (&2 — 1) (&1 — &)

(1)

where we assumed a radius for the metallic core of R; = 50 nm and a 10 nm thick PDMS coating, i.e.
R, = 60 nm, and permittivity for Au (g;) and PDMS (&;) as in the numerical calculation above.
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Supplementary Figure 5: Extraction of the spectral signature of the molecular vibration for Fig. 3 in the main
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Supplementary Figure 5 (cnt’d): Extraction of the spectral signature of the molecular vibration for Fig. 3 in the
main text. Spectra as obtained with the tip position at the left end of the nanorod. (a) Nanorod length, L = 1.7 ym,
(b) L =2.1pm, (c) L = 2.6 um, (d) L = 3.0 pm and (e) L = 3.5 pm. s; and @5: experimental amplitude and phase
spectra obtained with a PDMS-contaminated AFM tip (s-SNOM, black line) and calculated spectra (FDTD, red line)
obtained by assuming a Au core-PDMS shell nanoparticle. s?kg and cpgkg: numerically calculated amplitude and
phase spectra assuming a non-absorbing dielectric shell (grey shaded area and gray dotted line). Bottom left panels:
values indicate the contrast of the spectral sighature of the 1,258 cm™ (Si-CH3) molecular vibration of PDMS relative
to the maximum of the antenna scattering. Horizontal green lines denote the maximum and minimum of the spectral
signature in s; (bottom left panel). The green curve in the bottom right panel denotes an estimation for the baseline
in @5 (polynomial fit), which is taken as reference to determine the peak height.



Supplementary Note 2 — Near-Field images of the rod antennas

In Supplementary Fig. 6(a) we show spectrally integrated near-field maps of the rod antennas in Fig. 3 of
the main text, as obtained by blocking the reference arm of the nano-FTIR interferometer and
subsequently recording a near-field image. While the fundamental dipolar mode is observed on the rod
antennas, as expected, importantly, the signal on the substrate is very small and below the noise floor.
This was already observed for this setup in ref. 2. Line profiles taken across the long axis of the rod
guantity this observation (Supplementary Fig. 6(b)). Performing near-field spectroscopy on the antenna
and on the substrate further reveals that the near-field signal is near zero on the substrate (Supplementary
Fig. 6(c)). Therefore, we can conclude that (i) demodulation suppresses any direct contribution of the
PDMS-layer and (ii) the vibrational features observed in Fig. 3 in the main text solely stem from the
molecules (on the tip) scattering via the antenna after being illuminated by the antenna, i.e. the field-
enhanced molecular scattering Exga-
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Supplementary Figure 6: White-light images of the rod antennas and other test measurements. (a) White-light
images of the rod antennas taken at different settings of the nano-FTIR laser (B: 850 to 1450 cm™, C: 1200 to 1900
cm™ and D: 1500 to 2200 cm™, rod antenna length is stated next to the images). The fundamental dipolar mode is
clearly visible. Note that signal-to-noise is limited compared to the near-field spectra shown in Supplementary Fig. 5
owing to the short integration time. (b) Line profiles taken along the long rod axis in (a), averaged over the width of
the rods. (c,d) Raw near-field amplitude spectra obtained on the antenna and on the adjacent CaF; substrate. A 2.5
um long rod antenna was measured in (c) and a 1.8 um rod antenna in (d).
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